Lateralisation is an attractive and intriguing feature of the vertebrate CNS studied for decades in the di¡erent disciplines of the neurosciences. Due to the complexity of the phenomena and intrinsic limitations of the approaches used to date, it has been di⁄-cult to establish useful links between the di¡erent, and usually distant, levels of lateralisation e.g. between genetics, morphology, physiology and behaviour. Recently, the dorsal diencephalon of the teleost zebra¢sh has emerged as a valuable model to begin addressing this issue and as a result unravel the role of vertebrate CNS lateralisation. Zebra¢sh is a well-established genetic system that allows a 'bottom up' ('gene to behaviour') approach to the study of lateralisation. In fact, it is the single vertebrate system to date in which asymmetric gene expression in the brain has been directly linked to asymmetric morphology. Zebra¢sh o¡ers several experimental advantages that allow the study of brain lateralisation using a wide range of experimental tools, from study of gene function through in vivo analysis of morphology and physiology to behavioural assessments. Altogether, these features will allow the establishment of operational links between lower (genetics and morphology) and upper (physiology and behaviour) levels of brain lateralisation. 
INTRODUCTION
The terms asymmetry, lateralisation and laterality of the central nervous system refer to the fact that left and right halves of the brain are not identical, a feature that is thought to confer advantages for information processing and ultimately for species survival [1] . Asymmetries in the brain, for example, correlate with enhanced feeding performance [2] , predator detection [3] and long term memory [4] , and are proposed as the basis of speech and other behavioural traits [5] [6] [7] [8] . Although asymmetry and lateralisation are in principle interchangeable concepts, they usually imply different levels of the same basic attribute of the brain. Asymmetry is primarily used to convey structural (e.g. morphological and connectional) differences between left and right sides of the brain whereas lateralisation depicts localisation of neural functions (e.g. speech) in one half of the brain. The term laterality, in contrast, denotes a different aspect of the phenomenon as it specifies the side of the brain (left or right) in which structural or functional asymmetries localise. The conceptual distinction between asymmetry/lateralisation and laterality is vindicated by the fact that these two features of the brain are under the control of separate genetic mechanisms (see below).
Since the nineteenth century, research in asymmetry/ lateralisation/laterality has explored different aspects of this phenomenon including genetics, morphology, physiology and behaviour (for historical overviews see [5] [6] [7] [8] [9] [10] ). In a simplistic model, these aspects may be arranged hierarchically with genetics being the keystone that controls where and how morphological asymmetries are established in the developing brain. Asymmetric morphology is the substrate on which asymmetric functions arise and lateralised behaviour is the outcome of activation of lateralised circuits within the brain (Fig. 1) . Closing this path of relationships we find evolution through which asymmetry/lateralisation/laterality is maintained in phylogeny should it offer a competitive advantage for species survival [3, 10] . In addition, each of these levels is modulated by epigenetic factors (e.g. hormones [11] ) that operate throughout development and adulthood. Taking this model of brain asymmetry/ lateralisation/laterality as a framework helps us realize how scattered our knowledge is of each level for a given brain region or behaviour and, more importantly, it reveals how little we know of the relationships between the different levels of this fundamental feature of the brain. For example, we have known for decades that aspects of speech are localised to the left hemisphere in the human brain, however, a clear understanding of the genetic and structural basis of this important function has proven difficult to achieve [6] . Lack of deep insights into this problem may in part be explained by the complexity of the phenomena (e.g. speech involves the complex interplay of several brain functions) and by practical limitations of studying human CNS structures (e.g. difficulties in mapping traits and tracing neuronal connections). It is perhaps more productive to use animal models on which to build our understanding of the genetic and developmental basis of this phenomenon, and then begin making the necessary links to morphology through physiology up to behaviour. Indeed, this bottom up (gene to behaviour) approach has proven useful for the study of brain asymmetry in invertebrate models such as worms [12] . We therefore ought to find and employ vertebrate genetic models that facilitate the analysis of operational links between the distinct -and usually distant -levels of asymmetry/lateralisation/laterality.
ZEBRAFISH AS A MODEL OF BRAIN ASYMMETRY
The dorsal diencephalon of the teleost zebrafish (Danio rerio) has recently emerged as a valuable model that offers fundamental advantages for the study of vertebrate brain asymmetry/lateralisation/laterality. First, as a wellestablished genetic system it facilitates the search for genes that control the establishment of several aspects of brain asymmetry. Indeed, zebrafish is the single vertebrate model to date in which asymmetric gene expression in the brain has been directly linked to the development of asymmetric morphology [13] [14] [15] [16] . Second, zebrafish is suitable for embryonic experimentation and in vivo visualization of neuronal and axonal development due to the small size and transparency of the embryos. These features have allowed the direct visualisation of structural asymmetries in transgenic animals expressing green fluorescent protein (GFP) in restricted regions of the brain [13, 15] . Finally, zebrafish has proven to be suitable for functional approaches such as electrophysiology [17] [18] [19] [20] and behavioural analysis [21, 22] , both of which are fundamental tools to start linking physiology and behaviour with more basal levels of asymmetry. Indeed, preliminary analysis of lateralised behaviours such as eye use in zebrafish fry with situs inversus supports a genetic basis for this lateralised behaviour (Richard Andrew, Á dám Mikló si, Anukampa Barth and Stephen Wilson, unpublished data).
THE DORSAL DIENCEPHALIC CONDUCTION SYSTEM OF ZEBRAFISH
The limbic system of vertebrates is thought to be an integrative centre involved in emotional and sexual behaviours, motivation, memory formation and in modulating appropriate responses to sensory and emotional stimuli [23, 24] . Much of the circuitry of the limbic system is conserved among vertebrates. For instance, certain telencephalic projections originate in the anterior portion of the medial forebrain bundle and form the stria medullaris which connects with the epithalamic habenular complex. From the habenulae, axons extend to the ventral midbrain through the fasciculi retroflexus [23, 24] . Interestingly, the habenular complex of a wide range of vertebrate species display striking asymmetries in morphology, neurochemistry and connectivity suggesting a fundamental role of habenular asymmetry/lateralisation/laterality in limbic system-related behaviours (reviewed in [25] ). In some vertebrate groups such as lampreys, teleosts and lizards the left side of the habenular complex receives afferent connectivity from the photoreceptive parapineal organ (also called the parietal eye) [13, 14, [26] [27] [28] . This observation opens the intriguing possibility that limbic system-related circuits are asymmetrically modulated by light [25] . Although the study of the development of limbic system circuitry is still in its infancy, zebrafish has the potential to elucidate the mechanisms underlying establishment of these neural structures.
In zebrafish, the habenular complex and its associated fibre tracts are already differentiated in the early larvae (Fig. 2) . The habenulae are enlarged, contain more neuropil and exhibits more intense expression of a number of genes in the left than in the right nucleus, a feature that is maintained until adulthood [13] [14] [15] 29] . Habenular neurons project predominantly to the interpeduncular nuclei in the ventral midbrain and current studies are aimed at assessing whether left and right habenular projections are segregated in their target nuclei (Hidenori Aizawa, Isaac Bianco, Stephen Wilson and Hitoshi Okamoto, unpublished observations). The habenulae also receive afferent connectivity from basal telencephalic nuclei [30] and the parapineal organ [13, 14] . The parapineal organ develops in close proximity to the left habenula and establishes profuse connectivity with the region of the left habenula that simultaneously develops enlarged neuropil and asymmetric gene expression [13] . Such tight temporal and spatial coordination of parapineal and habenular asymmetries is seen not only in wild type but also in mutants with randomised laterality of CNS asymmetries. Although the molecules involved are still unknown, such coordination depends on mutual interactions between the parapineal organ and habenulae and/or their precursors during embryogenesis [13, 15] .
The initial establishment of asymmetry and laterality in the zebrafish brain is controlled by independent mechanisms that operate in tandem. Although conclusive data is still lacking, autonomous control of these two aspects may be a widespread feature in vertebrates as it has also been suggested to drive the genetic control of handedness in humans [31] . A primary, genetically based mechanism, ensures that structural asymmetries are established in the brain and this involves competitive interactions by which one side of the brain inhibits the ability of the contralateral side to develop as left [13] (Fig. 2) . How this conceptual notion of left-right mutual inhibition translates into molecules and cellular events in the epithalamus is still unknown but likely involves signals that travel across the dorsal midline of the diencephalon during early stages of development. A second genetic mechanism of CNS development ensures that laterality of asymmetry is consistently biased to the same (left) side of the brain and involves a genetic pathway with a conserved role in the control of asymmetry of the heart and viscera in vertebrates [32] . In zebrafish, asymmetrical expression of several components of the Nodal signalling pathway is initially detected in the left lateral plate mesoderm (L-LPM) and a few hours later in the left epithalamus. It has been proposed that laterality signals associated to Nodal signalling are transferred from the L-LPM to the left epithalamus leading to coordinated organ and brain laterality [33] . Once these signals reach the brain, several components of the Nodal signalling pathway are expressed on the left side of the epithalamus prior to the development of neuroanatomical asymmetries and in close association with the precursors of the habenulae and parapineal organ (Fig. 2) [13, 14, 16, 34] . In embryos carrying mutations that either directly or indirectly affect Nodal signalling, the expression of Nodal genes is either absent or bilateral in the brain [14, 16, 34] . Interestingly, neuroanatomical asymmetries of the parapineal organ and habenulae still develop but the laterality of these asymmetries in the mutant embryos is randomised [13] [14] [15] . The consequence of asymmetric activation of Nodal signalling in the brain is therefore to ensure that laterality of the CNS is biased to the same side within the population [14, 25] . As consistency of CNS laterality appears to be more common in social species like zebrafish than in those with solitary life styles [10] it becomes essential to determine the behavioural correlates of epithalamic asymmetries at a population level in zebrafish.
THE WAY FORWARD
The use of a bottom up approach in the study of CNS asymmetry has so far proven very helpful for the understanding of the genetic control of asymmetric morphology in zebrafish. However, this initial link between the genetic and morphological aspects of asymmetry/lateralisation/ laterality needs in the future to be extended to upper levels of the hierarchy (physiology and behaviour) for us to understand the role of lateralisation in the dorsal diencephalic conduction system. A plethora of experimental approaches currently available in zebrafish will facilitate the achievement of this goal (summarised in Fig. 2) , and it appears only a matter of time before we begin making the necessary links. One important aspect still to be determined is the subnuclear organisation and connectivity of the various components of the dorsal diencephalic conduction system. The search of genetic markers through microarrays and gene expression screens will help delineate neuronal domains within this system and will be the starting point in the generation of GFP-transgenic zebrafish labelling axonal projections within the circuit. In addition, design of mutant screens using GFP-transgenic zebrafish will allow the isolation of mutations with which to study the role of specific nuclei within the dorsal diencephalic conduction system. Once our understanding of the connectivity of circuits is more complete, we can design physiological and behavioural approaches to test the function of genes and specific structures within the dorsal diencephalic conducting system, and also explore the role of asymmetry/ lateralisation/laterality in the generation of individual and social behaviours. The availability of in vivo techniques for the analysis of neuronal activity [17, 18, 20] , and the suitability of zebrafish for electrophysiology [19] , pharmacology [35] and behavioural assessments [21, 22] will facilitate the achievement of these goals. Finally, it is no less relevant that zebrafish is also a suitable system on which to test the role of hormones and other environmental factors in the epigenesis of CNS asymmetry/lateralisation/ laterality [36, 37] .
